Nicosulfuron and mesotrione are postemergence herbicides labeled for weed control in sweet corn (Zea mays L.), but their use is restricted by injury to corn. Certain sweet corn Mosely who initially proposed that we examine the response ofthese sweet corn to postemergence herbicide application. A portion of this research was supported by funding from the Midwest Food Processors Association, Crookham Company, and Illinois Foundation Seeds, Inc. Mention of a trademark, proprietary product, or vendor does not constitute a guarantee or warranty of the product by the U.S. Dept. of Agriculture and does not imply its approval to the exclusion of other products or vendors that also may be suitable.
hybrids and inbreds can be severely injured by nicosulfuron (Morton and Harvey, 1992; Stall and Bewick, 1992) ; mesotrione also is known to injure some corn hybrids (Masiunas et at., 2004; O'Sullivan et al., 2002) . Therefore, new sweet corn hybrids and inbreds are routinely evaluated for sensitivity to herbicides.
Sulfonylurea herbicides, such as nicosulfuron, inhibit the acetolactate synthase (ALS) enzyme in susceptible plants (Chaleff and Mauvais, 1984; Ray, 1984) . Plants that rapidly metabolize sulfonylurea herbicides are tolerant, whereas plants that metabolize these herbicides slowly are sensitive (Sweetser et at., 1982) . Nicosulfuron is hydroxylated by cytochrome P450 in corn as a Phase I detoxification reaction (Kreuz et al., 1996) . Cytochrome P450 in corn also metabolizes herbicides in at least five other chemical families; however, the number ofP45Os involved and regulation of their levels of activity are not clearly understood (Barrett, 1995 (Barrett, ,2000 Boldt et at., 1992) . Corn has many different cytochrome P450 genes (Frey et al., 1995) . Possibly, a few or even one P450 is primarily responsible for herbicide metabolism (Barrett, 1995 (Barrett, , 2000 . Green and Ulrich (1993) observed that the sensitivity of field corn and sweet corn to three sulfonylurea herbicides (nicosulfuron, primisulfuron, and thifensulfuron) was conditioned by a single recessive gene. Kang (1993) reported that sensitivity to nicosulfuron in the field corn inbreds Mp313E and L688 was inherited as a single recessive gene which was designated as nsf]. Twenty-three other field corn inbreds also were sensitive to nicosulfuron. Widstrom and Dowler (1995) also observed that sensitivity to nicosulfuron was conditioned by a single recessive gene in the field corn inbred Ab18. Moreno et at. (1999) used maize B-A translocation stocks to map the nsf] gene to the short arm of chromosome 7. Similarly, Bradshaw et at. (1994) observed that sensitivity of the field corn inbred GA209 to bentazon was controlled by a single recessive gene or possibly by two recessive genes, ben] and ben2. Fl hybrids from crosses of GA209 and bentazon-tolerant inbreds were tolerant despite minor injury. The ben] gene also conditioned sensitivity to nicosulfuron (Barrett et al. 1997) . Green (1998) reported unpublished data for the inbred F2 that mapped a gene for sensitivity to another sulfonylurea herbicide, rimsulfuron, on the short arm of chromosome 5.
Sensitivity to the sulfonylurea herbicides and possibly to bentazon can be eliminated by backcrossing sensitive inbreds with tolerant inbreds and selecting against the recessive gene that conditions sensitivity. Tolerant hybrids also could be produced if at least one tolerant inbred is used as a parent and gene action is completely dominant.
Mesotrione, which has been designated as a reduced-risk herbicide by the U.S. Environmental Protection Agency, is a member of a relatively new class of herbicide chemistry that targets the 4-hydroxyphenylpyruvate dioxygenase (HPPD) enzyme, (Lee et al., 1997; Mitchell et at., 2001) . These herbicides disrupt carotenoid biosynthesis and often are called bleaching herbicides because leaves of sensitive plants turn white and symptoms develop more quickly in the presence of light (Pallett, 2000; Wichert et al., 1999) . Corn is tolerant to mesotrione due to metabolism of the herbicide (Mitchell et at., 2001 ) and mesotrione potentially could control weeds resistant to ALS-inhibiting and triazine herbicides (Sutton et al., 2002) .
The objective of this study was to determine ifan association exists between sweet corn sensitivity to nicosulfuron and mesotrione applied postemergence. Understanding the relationship between injury from these two herbicides will help corn breeders identify sensitivity to these herbicides at early generations in the breeding programs and allow herbicide manufacturers to construct pesticide labels that adequately address the risks of using these chemicals.
Materials and Methods
Over 500 sweet corn hybrids, inbreds, and S 1 families (S, plants) Plants were evaluated for symptoms of herbicide injury 7 and 21 dafter application. Injury was rated visually, as a percentage ofthe nontreated control, for chlorotic and necrotic leaves (nicosulfuron) or stunting and chlorotic and bleached leaves (mesotrione). Injury ratings were averaged over replicates. Hybrids and inbreds were classified as having high, moderate, or low levels of injury if the mean injury rating was 220%, 25% and <20%, or <5%, respectively. Criteria for classifying hybrids and inbreds as sensitive varied among trials due to different distributions of injury as depicted in Table 1 . In 2003 when injury was relatively low (modes, medians, and third quartiles were 0% injury), hybrids and inbreds were classified as sensitive to nicosulfuron if injury was? 15% for either rating; and hybrids and inbreds were classified as sensitive to mesotrione if injury was 25% for either rating. In 2004 when most hybrids had some injury (modes were 1 to 5% for hybrids and 6% to 10% for inbreds, and medians ranged from 1.5% to 8.8%), hybrids and inbreds classified as sensitive had slightly higher levels of injury than in 2003. In 2004, hybrids and inbreds were classified as sensitive to nicosulfuron if injury was 220% for both ratings and as sensitive to mesotrione if injury was 220% for the mean of the two ratings. S families were classified as sensitive, tolerant or segregating based on responses of 5, plants within S, families.
Data were analyzed separately for each experiment. Two hypotheses were tested with binomial tests ofproportions: I) the percentage ofnicosulfuron-sensitive hybrids (inbreds orS1 families) differed between mesotrione-sensitive and mesotrione-tolerant hybrids (inbreds or S families) and 2) the percentage of mesotnone-sensitive hybrids (inbreds or S 1 families) differed between nicosulfuron-sensitive and nicosulfuron-tolerant hybrids (inbreds or families). S 1 families also were tested by a Chi square test of goodness of fit to determine if segregation of sensitive: segregating: tolerant families fit a 1:2:1 pattern which would be expected if sensitivity was conditioned by a single recessive gene.
Results
In 2003, 89% of the 288 hybrids tested were classified as tolerant to both herbicides (Table 2 ). In 2004, 97% of the 375 hybrids tested were tolerant to both herbicides. Injury from nicosulfuron application exceeded 50% for hybrids and inbreds that were most sensitive, and some hybrids and inbreds were killed by nicosulfuron. Maximum injury from mesotrione application was 30% in 2003 and 60% in 2004, but no plants were killed by mesotnione.
In 2003, 53% (8 of 15) of the mesotrionesensitive hybrids were sensitive to nicosulfuron compared with only 6% (16 of 273) of the mesotrione-tolerant hybrids that were sensitive to nicosulfuron (Table 2 ). In 2004, 3 of 6 mesotrione-sensitive hybrids were sensitive to nicosulfuron but only 1% (5 of 369) of the mesotrione-tolerant hybrids were sensitive to nicosulfuron. Thirty-three percent (8 of 24) of the hybrids that were sensitive to nicosulfuron in 2003 also were sensitive to mesotrione, while only 3% (7 of264) of the nicosulfuron-tolerant hybrids were sensitive to mesotrione. In 2004, 38% (3 of 8) of the hybrids sensitive to nicosulfuron also were sensitive to mesotrione but only 1% (3 of 367) of the nicosulfuron-tolerant hybrids were sensitive to mesotrione.
Hybrids injured by nicosulfuron and/or mesotrione application included shrunken-2, sugary enhancer, and normal sugary endosperm phenotypes from several different commercial sweet corn breeding programs (Table 3 ). There were no obvious associations between responses to herbicides and endosperm phenotype, kernel color, or other ear or plant characteristics that are typically important for sweet corn hybrids.
A similar association between sensitivity to nicosulfuron and mesotrione occurred among inbred lines. In 2003, 100% (7 of 7) of the mesotrione-sensitive hybrids were sensitive to nicosulfuron compared with only 4% (1 of 27) of the mesotrione-tolerant hybrids that were sensitive to nicosulfuron (Table 4) . In 2004,7 of 8 mesotrione-sensitive hybrids were sensitive to nicosulfuron and 10% (2 of 20) of the mesotrione-tolerant hybrids were sensitive to nicosulfuron. In total, 88% (7 of 8) of the nicosulfuron-sensitive inbreds had some injury from mesotrione in 2003 but none of the 26 nicosulfuron-tolerant inbreds were injured by mesotrione. In 2004, 78% (7 of 9) of the nicosulfuron-sensitive inbreds were sensitive to mesotrione but only 5% (1 of 19) of the nicosulfuron-tolerant inbreds were sensitive to mesotrione.
The association between sensitivity to mesotrione and nicosulfuron also was evident 
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2.4 6% to 10% 2.5 5 20.6 'Level of injury was based on mean of ratings 7 and 21 d after application. An asterisk indicates that hybrids with these levels of injury were classified as sensitive (see text). Seven of twenty-four hybrids were classified as sensitive based on injury ?15% for one of the two ratings. Two of six hybrids were classified as sensitive based on injury 220% for both ratings.
(3 of 23) of the nicosulfuron-tolerant families were sensitive to mesotrione.
S families segregated for responses to each herbicide. All S, plants in 13 S 1 families were sensitive to mesotrione, and all S, plants in 21 S families were tolerant to mesotrione (Table 6 ). In 30 S 1 families, 5, plants segregated for meamong S 1 families. Seventy-seven percent (10 of 13) ofthe mesotrione-sensitive families were nicosulfuron-sensitive but only 5% (1 of2l ) of the mesotrione-tolerant families were sensitive to nicosulfuron (Table 5) . Likewise, 91% (10 of 11) of the nicosulfuron-sensitive families were sensitive to mesotrione, but only 13% 50' 'Classification based on mean plant response from injury ratings taken 7 and 21 dafter herbicide application. 'Probability of equal percentages of mesotrione-sensitive hybrids for nicosulfuron-sensitive and nicosulfuron-tolerant hybrids P = 0.0008. 'Probability of equal percentages of nicosulfuron-sensitive hybrids for mesotrione-sesnitive and mesotrione-tolerant hybrids P = 0.0001. "Probability of equal percentages of mesotrione-sensitive hybrids for nicosulfuron-sensitive and nicosulfuron-tolerant hybrids P = 0.016. 'Probability of equal percentages of nicosulfuron-sensitive hybrids for mesotrione-sesnitive and mesotrione-tolerant hybrids P = 0.0086. (Kang, 1993) or ben] (Barrett et al., 1997) . Considering the relatively small sample size (usually six or fewer 5, plants treated per experimental unit), it was not unusual to observe a larger number of tolerant S families and a lower number of segregating S 1 families than expected, because there was a relatively high probability (P = 018 when n = 6) that a homozygous recessive (i.e., sensitive) 5, plant was not included among the six plants treated per experimental unit.
Discussion
An association between sensitivity to nicosulfuron and mesotrione was evident among sweet corn hybrids, inbreds, and S families evaluated in field trials. Some sweet corn hybrids have been identified recently as sensitive to multiple herbicides applied postemergence, such as Del Monte 20-38 which was identified in separate trials as sensitive to herbicides from three different chemical families; mesotrione (O'Sullivan et al., 2002) , bentazon (Diebold et al., 2004) , and nicosulfuron (RH. Teyker, Del Monte Foods USA, personal communication).
The association between sensitivity to nicosulfuron and mesotrione was most apparent among the S families and inbreds. Seventyseven percent (10 of 13) of the mesotrione-sensitive S 1 families were nicosulfuron-sensitive and 91% (10 of II) of the nicosulfuron-sensitive S families were sensitive to mesotrione. Likewise, 88% and 78% of the nicosulfuronsensitive inbreds were mesotrione-sensitive, and 100% and 88% of the mesotrione-sensitive inbreds were nicosulfuron-sensitive. The association between responses to the two herbicides may have been more evident among the S families than among hybrids because the S 1 families were genetically more similar than the groups of hybrids evaluated. In addition to a recessive gene for nicosulfuron and mesotrione sensitivity that appeared to be segregating among the S 1 families, other genes may influence metabolism of these herbicides. Genetic variation for these other factors is likely to be greater among hybrids than among the S families. Thus, the association between responses to mesotrione and nicosulfuron may have been less distinctive among hybrids than among the S families.
The association between responses to the two herbicides may have been more evident among inbreds than among hybrids because inbreds were homozygous for genes conferring herbicide sensitivity while hybrids could have 76% in 2003 and 64% in 2004) was lower than the percentage of tolerant hybrids. This may be due solely to the inbreds and hybrids sampled in these trials; however, it also may be due to an enhanced ability to detect herbicide sensitivity in homozygotes. In accordance with this theory, other researchers (Green and Ulrich, 1993; Kang, 1993; Landi et al., 1989; Rowe et al., 1990) have observed that maize inbreds usually were more sensitive to herbicides than maize hybrids. Kang (1993) emphasized the need to evaluate both hybrids and inbreds in herbicide sensitivity trials. Most hybrids (89% in 2003 and 97% in 2004) were classified as tolerant to nicosulfuron and mesotrione although many hybrids evaluated in 2004 had 5% to 20% injury to these herbicides. Among the few sensitive hybrids, a high percentage were sensitive to both herbicides. The lack of a perfect correlation between hybrid responses to Response to nicosulfuron Sensitive Tolerant Sensitive to nicosulfuron nicosulfuron and mesotrione may have been due to heterozygosity of genes affecting herbicide metabolism, especially if genes for tolerance are not completely dominant. Green and Ulrich (1993) and Kang (1993) observed that F I plants with a tolerant and a sensitive parent (i.e., heterozygous for the nsfl gene) were tolerant to nicosulfuron (i.e., complete dominance). Alternatively, different response of hybrids to nicosulfuron and mesotrione may have occurred because different genes are responsible for sensitivity to each herbicide or because other environmental factors affected responses of hybrids to the herbicides. Barrett et al. (1995) observed differential response of the inbred B90 to bentazon and nicosulfuron while the inbred GA209 was sensitive to both herbicides presumably because two genes, ben] and ben2, affected metabolism of bentazon while a single gene, beni, affected metabolism of nicosulfuron. In most evaluations of sweet corn hybrid responses to nicosul furon, a range ofquantitative responses has been observed (Grey et al., 2000; Morton and Harvey, 1992; O'Sullivan et al., 1995; O'Sullivan and Bouw, 1998; O'Sullivan et al., 2000; Robinson et al., 1994; Stall and Bewick, 1992) . This range of response could be due to a combination of genetic and environmental factors affecting herbicide metabolism, including the possibility that plants heterozygous for nsfl or beni metabolize nicosulfuron slower than plants that are homozygous dominant at either of these loci.
Sensitivity of sweet corn to nicosutfuron has been reported as being conditioned by a single recessive gene (Green and Ulrich, 1993; Kang, 1993; Widstrom and Dowler, 1995) . In research reported here, segregation of S > families for response to nicosulfuron was slightly different from the expected 121 ratio, however this probably is due to the small sample size of S2 plants treated. Larger sample sizes were not possible due to limited quantities of seed. Segregation of S 1 families for response to mesotrione fit a 1:2:1 pattern, but these results should be confirmed in additional experiments with larger samples. The strong association between responses of the S 1 families to nicosulfuron and mesotrione suggests that the same recessive gene may condition sensitivity to both herbicides. The genetic basis for the similarity of responses to these two herbicides will be examined further using S, families derived from the S > families evaluated in this work and using other segregating generations. Tests for allelism also are underway to determine if the same gene conditions herbicide sensitivity in other inbred lines that have been identified as nicosulfuron-sensitive (Green and Ulrich, 1993; Kang, 1993; Widstrom and Dowler, 1995) and in inbred lines that are parents of mesotrione-sensitive ornicosulfuron-sensitive sweet corn hybrids. Sensitive to nicosulfuron (%)
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'Classification based on mean plant response from injury ratings taken 7 and 21 dafter herbicide application. 'Probability of equal percentages of mesotrione-sensitive inbreds for nicosulfuron-sensitive and nicosulfuron-tolerant inbreds P < 0.0001. 'Probability of equal percentages of nicosulfuron-sensitive inbreds for mesotrione-sensitive and mesotrione-tolerant inbreds P <0.0001. "Probability of equal percentages of mesotrione-sensitive inbreds for nicosulfuron-sensitive and nicosulfuron-tolerant inbreds P < 0.0001. 'Probability of equal percentages of nicosulfuron-sensitive inbreds for mesotrione-sesnitive and mesotrione-tolerant inbreds P < 0.0001. 'Classification based on mean plant response from injury ratings taken 7 and 21 d after herbicide application. 'Probability of equal percentages of mesotrione-sensitive S families for nicosulfuron-sensitive and nicosulfuron-tolerant 5 > families P < 0.0001. 'Probability of equal percentages of nicosulfuron-sensitive 5 > families for mesotrione-sensitive and mesotrione-tolerant 5 > families P <0.0001. 
